Lithographic processing has been the key technology responsible for the rapid advances in microelectronics, but is typically not accessible to undergraduates. We have developed a maskless photolithographic system that can be assembled from a consumer projector and a trinocular microscope. This system allows students to design and print custom patterns into photoresist in less than 30 min, without using a clean room, a mask facility, or a chrome-etch bath. Students can create and evaluate patterns, make changes to their design, or add additional layers of aligned patterns in a single laboratory session. The rapid turnaround time and low cost of ownership is useful for low-resolution (ϳ10 m) prototyping. Photoresist is spun in a modified food processor and baked on a standard hot plate. Mating pieces were machined from aluminum. Only the digital light processing projector and food processor are modified, so the microscope, camera, and computer need not be dedicated to the system. The entire system can be assembled for less than $5000.
Photolithography is a key step in the fabrication of the modern integrated circuit. Multiple levels of aligned photolithography, combined with thin-film deposition and etching, allow a three-dimensional circuit to be built up on a twodimensional surface. Because it is such an important part of the semiconductor manufacturing industry, much research has been performed in this area. 1, 2 However, this research is largely directed toward high-volume industrial purposes rather than low-volume academic research needs. Mask costs are a serious issue even in industrial applications, and maskless lithography tools are being developed for nextgeneration lithography systems such as extreme ultraviolet lithography, where mask costs are expected to be a major problem. 3 An academic setting requires much more flexibility than is provided using standard methodology. To this end, our goal is to develop a system with which a student or professor can design a pattern on the fly and be able to use it in a photolithography system. The most practical way to do so is to design a system that circumvents the mask fabrication step in the standard process. Performing conventional photolithography with preset masks is economically competitive, but eliminates the flexibility and creativity that makes the process interesting to students. Although some undergraduate laboratories perform lithography experiments with laser printed optical transparencies, these are usually unaligned single layers with poor resolution, poor contrast, and lineedge roughness.
Because commercial maskless photolithography systems already exist, 4,5 our goal is to maximize simplicity and speed, and minimize costs. Our system works by taking a pattern created on a computer, and projecting it through a digital light processing ͑DLP͒ projector. The projected image is reduced and sent through the camera port of a trinocular microscope. The optics of the microscope focuses the image on the substrate and allows the image to be reduced, analogous to the reduction in a conventional photolithographic stepper. Our setup can be seen in Fig. 1 .
We selected an ultralight projector 6 (ϳ2 lbs) so that it could be mounted on top of the microscope, facing downward, leaving the microscope in its intended configuration. The projector image is generated by a DLP chip 7, 8 with a resolution of 1024ϫ768 pixels. The projector can be driven by a standard computer video graphics array ͑VGA͒ output.
The particular projector used is not critical to the experiment. Our choice combines the attributes of low cost, light weight, high resolution, and high contrast. High resolution is important for generating small-scale images; high contrast is necessary for reasonable process latitude in photolithogra-phy. Although the weight restriction is less critical, ultralight models are easier to mount on the camera port of a microscope.
We tested this setup using several microscopes, including a stereoscopic zoom microscope 9 and a semiconductor inspection microscope. 10 The first is a very low cost inspection microscope with a continuous zoom, so that we can change magnifications smoothly; however, it only supports magnifications from 1 to 4ϫ, corresponding to an individual pixel on the image plane with linear dimensions between 20 and 5 m, and a field size ranging from 20ϫ15 mm 2 to 5ϫ4 mm 2 . The inspection microscope uses infinitycorrected objectives at fixed magnifications. We used this microscope with both the 5 and 10ϫ objectives, creating pixels of 1.6 and 0.8 m in width, respectively, within millimeter-scale fields. At higher magnifications, the theoretical resolution becomes limited by optical diffraction rather than by the size of the mirrors/pixels. Students can calculate the diffraction-limited resolution and depth of focus for our system from the numerical aperture of the objective lenses and the wavelengths of light that we use.
With both microscopes we use a trinocular head with a camera port to which we attach the projector. At the same time that we project the image through the port, we ensure that it is focused and aligned on the surface using the view-ing port, where we can also take pictures of the surface and the projected image using a digital camera 11 that is mounted on a standard eyepiece or relay lens. 12 It is critical to mount the projector rigidly to the microscope. We designed parts specific to our projector, but a similar setup would work with any comparable projector. The bottom of our mounting device mated directly to the trinocular head. Our mounting device was constrained by the vent on the front of the projector and the high throw angle of the projected image. Our mount has a fine tilt-angle adjustment ͑similar to an optical mirror mount, but more robust and on one axis only͒, which allows us to align the optical system into the trinocular camera port.
Because we were trying to reduce the image, the built-in short-throw projection lens worked against us by creating light rays that diverged to such a degree that they could not be recaptured by the microscope optics. We removed the lens and inverted it inside our mount to make a real image of the DLP chip outside the projector body ͑with ϳ1ϫ magnifica-tion͒ that could be projected fully through the microscope optical train.
To create an image on the substrate, we spun commercial photoresists on standard silicon wafers or glass substrates and exposed the samples using blue light. Commercial polymer spin coaters ͑spinners͒ have vacuum chucks that hold down substrates and spin them inside a bowl ͑to capture the excess polymer͒ at highly controllable spin speeds ͑0 to 6000 rpm͒ and acceleration; unfortunately, these are prohibitively expensive for undergraduate laboratory use. Coated polymer film thickness ͑typically ϳ1 m) is a function of both the polymer viscosity and the spin speed. Most consumer blenders and food processors have drive shafts that spin inside a container with roughly this same range of speeds as commercial spinners. We purchased a combination blender/food processor, with a variable speed motor base 13 at approximately 1% of the cost of a commercial spinner. We machined an aluminum chuck that mounts in the food processor in place of the cutting blade and has clips that hold down samples while they are spun inside the food processor. As a safety precaution, the lid on the food-processor bowl should always be mounted before spin coating the substrate. The feed tube of the food-processor bowl provides a convenient port for dispensing chemicals onto the substrates.
Most photoresists are polymers dissolved in strong solvents, and should therefore be considered hazardous chemicals in liquid form. It is best to work with the liquid resist in a ventilated hood that holds both the spinner and the hot plate used to bake the spin-coated films. After spin coating and baking, all the hazardous solvents should have been removed, and the samples are harmless. Photoresist films will usually not be exposed by indirect room light, but amber light filters can be added as an extra precaution. These lights also serve to remind students that they are working with light-sensitive materials.
The spinning process is an ideal situation for observing thin-film optical interference in real time. Samples are rinsed in acetone followed by isopropyl alcohol and spun dry. During the drying, multiple full spectral changes occur in the color of the surface of silicon substrates as the solvent layers become thinner as they evaporate. When the polymer resist is spun, a similar process occurs, but the higher viscosity makes the changes slower, and the final remaining film slowly stabilizes rather than clearing. An interesting demonstration or experiment can be made by studying the optical Fig. 1 . Experimental setup schematic ͑a͒: an image is generated on a laptop computer ͑L͒ and projected by a modified consumer DLP projector ͑P͒. The image enters the microscope ͑M͒ at the camera port. One of the eyepieces is fitted with a digital camera ͑C͒ that sends a picture of both the substrate and the projected image to a video monitor ͑V͒. Photographs of the system installed on both ͑b͒ the stereozoom and ͑c͒ an inspection microscopes.
interference patterns observed in polymer films spun at different speeds or with different viscosities ͑made by diluting the polymers in solvent.͒ Students can measure the spectral reflectance, R(), of these films using a low-cost opticalfiber-fed spectrometer 14 with a reflection probe. Students can fit both the local maxima and minima in R() and thus determine when even and odd integer multiples of half the wavelength fit in the additional optical path length of the thin film. The relation
where n is the refractive index of the polymer film and is the wavelength of light, allows students to determine the film thickness, d, just as is in commercial optical film-thickness measurement systems. We also measured the spin speed of the drive shaft using a strobe light and a function generator. Our food-processor base has a gear assembly to reduce the speed of the drive shaft and increase its torque. We replaced it with rotary vacuum seals mounted in a cylindrical brass bushing to create a stationary vacuum chamber around a portion of the drive shaft. Axial and radial holes were drilled into the drive shaft so that the vacuum pulls on the top of the drive shaft. Aluminum chucks can be mounted on the drive shaft with O-rings to hold standard 4-and 3-in. silicon wafers, as well as smaller pieces. A small vacuum tweezer pump 15 ͑a diaphragm pump similar to those used for fish tank filters͒ was used to create a vacuum underneath the samples before turning on the food processor to spin them. It is important to use a bit of vacuum grease to create a good vacuum seal, and to confirm that the samples are held down firmly before starting the drive shaft, because small sharp pieces of silicon or glass can be ejected at high speeds.
We spin coated, baked (ϳ2 min on a 90 or 115°C hot plate͒, and exposed a standard novolac resist with the zoom microscope and Shipley 1813 ͑a general purpose broadband resist͒ with the inspection microscope. We used our spectrometer to evaluate different computer-generated colors produced by the projector in order to determine which ones should be used with the resists. We found that pure blue had a large peak at 440 nm, which lies in a portion of the spectrum where G-line ͑436-nm͒ resists are highly sensitive, whereas pure red did not have this peak. The two spectra are shown in Fig. 2 . The resists were developed in aqueous base solutions of either sodium hydroxide or tetra-methyl ammonium hydroxide, rinsed in deionized water, and then blown dry. Students can see the resist development of large features by eye and are always excited to see their first patterns appearing in the films.
Here we present data from both of the microscopes. The semiconductor inspection microscope more than doubles the system cost and does not dramatically improve the lithographic performance, although it is easier to use. With the stereo-zoom microscope, the maskless system can be used to pattern lines larger than 15 m and spaces larger than 50 m using positive-tone resists. For the line patterns, the exposure time is highly dependent on feature size, as can be seen in Fig. 3 . The inset shows that 100-m lines can be patterned with a 10-s exposure time.
Initially, a key limitation of the resolution was delamination of the resist films. The application of an adhesion primer ͑APS 150͒ before spin coating the resist helps minimize this problem. Although individual pixels of the projected images can be seen with either microscope, the resolution of the lithographic performance has not achieved this level. The lower magnification stereo-zoom microscope has the advantage of providing a larger field size ͑typically a 4ϫ5 mm 2 field at 4ϫ magnification on the stereo-zoom microscope͒, although a lower magnification objective could be mounted on the inspection microscope as well. Our inspection microscope is equipped with infinity-corrected bright-field/darkfield objectives, and we actually obtain faster exposures in dark-field than we do in a bright-field configuration, suggesting that there may be better choices for the exposure objective.
We also found that our total patternable area was not illuminated uniformly by our system, although the full image from the projector is inside the field of view of the microscopes. The nonuniformity of the illumination comes from both the projector and the optical train of the microscope. The intensity of the light that reached the photoresist initially limited the printable field to about 60% of the full field because some areas were exposed much faster than others.
To expand the printable field we created a semitransparent image on our computer to overlay on the features that we exposed. The overlay is generated in software and is based on inverting the intensities recorded by the digital camera from an open field projection. 16 Applying this overlay to the original pattern produced by computer-aided design ͑CAD͒ increased the patternable areas from 60% to 95%, with a few unworkable areas in the corners of the field. This overlay technique is easy to implement by placing the overlay in the master-slide mode of presentation software such as Power-Point. Using the overlay increases exposure times and reduces the contrast between bright and dark pixels. The contrast of the DLP display is one of the principal limitations to the lithographic performance of the system.
The system's components were purchased for about $4200: $3000 for the projector; $500 for a used stereoscopic zoom microscope; $300 for the digital camera used to capture images; and $200 for a relay lens to mount the camera in place of an eyepiece. The blender/food processor was $50, and the vacuum tweezer and seals ͑which are not required͒ cost an additional $150. The largest expense is the projector, but projector prices continue to decrease, and one can now be purchased at significantly lower cost with better performance. For this type of system, a laptop computer works well; it allows the user to simultaneously see the CADgenerated patterns and to project them, yet it need not be dedicated to the system. The camera and relay lens are not required to make a working system, but they do make the training of users much easier, because many people can observe the images at the same time. A dedicated microscope is not necessary, particularly if there is an available camera port on an existing microscope system. Most high-end microscopes can be fitted with an accessory camera port and a beam splitter that allow the projection system to be mounted permanently so as to not interfere with the regular use of the microscope. By using this system we were able to do custom photolithography in a much shorter time that we could have using masks. The time between the formulation of an idea to a completed project can be less than 20 min. Creation of exposure slides using presentation software is easy. A typical slide show consists of a sequence of slides, with the design projected first in red for alignment and focusing, followed by a blue exposure slide for a controlled time, followed by a new red image to align the next pattern. Figure 4 shows an image of a smiley face that has been exposed, developed, and the returned to the stage of the lithography system. A projection of the exposure pattern has been superimposed on the sample in order to demonstrate the fidelity of the lithographic features as well as the simplicity of multilayer alignment for this system. Exposure dose matrices can be made by repeating the slide sequences with longer exposure times. The spinning and baking of photoresist on the substrate takes less than 5 min, and exposure times have been less than 4 min for all of the features that we have patterned.
Students have used this system for a variety of research projects and upper-division laboratory exercises. These have included making optical diffraction patterns, catalyst pads for the growth of carbon nanotubes, and a variety of micronscale symbols and signs. We have our used our thin-film evaporator in combination with this process to make metal patterns using the liftoff technique, where metal is deposited on the patterns made in the photoresist, and the remaining photoresist is then dissolved, leaving metal patterns stenciled on the substrates. Such films allow millimeter-scale electrical contact pads to be made for micron-scale objects such as thin-film resistors and long carbon nanotubes. Metal patterns on glass substrates should be suitable for creating custom two-dimensional binary diffractive optical elements similar to those used with inexpensive laser pointers. For such purposes, the exposed pattern would need to be the twodimensional Fourier transform of the desired diffraction pattern. If a metal evaporator is not available, another approach is to electroplate metal films in solution into patterned holes in resist. Glass slides precoated with a transparent conducting oxide 17 can be purchased for less than $5 each and used as substrates to electrodeposit opaque metal patterns on glass that would be suitable for diffraction experiments.
Although our laboratory does not have the facilities necessary to fabricate an operational transistor, this system has been used to show how multilevel aligned lithography would be used in such important thin-film processes. The patterning of surfaces can be used for a wide range of experiments such as templates for biological growth, microfluidic systems, electrodeposition molds, microcontact printing molds, patterning templates for self-assembled monolayers, and chemical etching studies. Instruments, ͗http://www.dlp.com/dlptechnology/ dlptechnologyoverview.asp͘. 9 Nikon, model SMZ-10 ͑discontinued, but new similar models exist͒. 10 Nikon, model ME-600. 11 Nikon, Coolpix 900 series and 4500 series. 12 Optem International model 25-70-14 digital camera coupler. 13 Krups, model Combi Blender/Food Processor. 14 The Ocean Optics model S2000 spectrometer is not required for the lithography system, but is very useful for measuring reflectance spectra of thin films. 15 Ernest F. Fullam, Inc. 16 We used the using the image editing software PhotoEditor and Photoshop. 17 SPI Supplies Indium-Tin-Oxide ͑ITO͒ coated glass microscope slides. The determination of fundamental physical constants remains an attractive goal of student experiments. The electron charge is one such constant. Along with the well-known Millikan experiment, the measurement of shot noise is an effective approach for the determination of the electron charge. In this Journal, several papers have been published on the subject. [1] [2] [3] [4] A comprehensive list of useful references is given in Ref. 3 . The objective of this note is to show how to use common data-acquisition hardware and analysis software in an experiment for determining the electron charge through the measurement of shot noise. The experiment is similar to one described earlier, 4 but a vacuum photocell is employed instead of a thermionic diode. This approach has already been used in shot-noise experiments. 3, 5 The mean value of the square of the fluctuations of the current of a vacuum photocell is given by 6 ͗⌬I 2 ͘ϭ2eI⌬ f ,
A shot-noise experiment with computer control and data acquisition

͑1͒
where e is the magnitude of the electron charge, I is the mean photocell current, and ⌬ f is the frequency bandwidth, over which the noise is measured.
When the current flows through a load, the mean value of the square of the noise voltage across the load equals
where Z( f ) is the frequency-dependent impedance of the load. An advantage of this approach is that a parallel LCR circuit has low impedance for dc current and high impedance for fluctuations of the current at frequencies close to the resonance. In our case, a parallel LCR circuit is the load of an illuminated vacuum photocell as shown in Fig. 1͑a͒ . As a source of the current, the photocell is connected in series with the LCR circuit. At the same time, the photocell is connected parallel to it, through the dc source. The internal resistance of the photocell thus shunts the parallel LCR circuit and should be taken into account. The impedance of an LCR circuit can be expressed through its resonance angular fre-quency 0 ϵ2 f 0 and the quality factor (Q factor͒ equal to Qϭ 0 L/Rϭ1/ 0 RC. Assuming Qӷ1 and performing the integration in Eq. ͑2͒, one obtains 4,7,8 ͗V 2 ͘ϭeIQ/2 0 C 2 .
͑3͒
With Eq. ͑3͒, one has no need for determining the frequency dependence of the impedance. Stigmark 8 has employed this technique for a precise determination of the electron charge.
In our setup, three resistors are added to the basic circuit as shown in Fig. 1͑b͒ . The resistor R 1 serves for the determination of the mean photoelectric current. The resistor R 2 is connected through the resistor R 3 to a function generator. An ac voltage drop across the resistor R 2 serves for driving forced oscillations in the LCR circuit. Relative to this voltage source, the elements of the LCR circuit are put in series. The forced oscillations are used to determine the Q factor of the circuit. A dc power supply provides a dc voltage for the photocell. Its output terminals should not be grounded.
For data acquisition, we use the ScienceWorkshop system from PASCO scientific 9 with its DataStudio software. The photocell ͑RCA 1P39͒ is illuminated by an incandescent light bulb ͑6 V, 5 W͒. The light bulb is powered by the Positive ramp up waveform voltage of the Power amplifier II ͑PASCO, CI-6552A͒ controlled by the ScienceWorkshop 750 Interface. In the setup shown in Fig. 2 , a sensitive rms-to-dc converter measures the noise voltage across the LCR circuit and produces a dc voltage for the data-acquisition system. As the converter, we use the Hewlett-Packard 400E rms voltmeter. A full-scale ac input voltage corresponds to a 1 V dc output voltage. With the 1-mV sensitivity range, the voltmeter serves simultaneously as a wide-band amplifier with a gain of Gϭ10 3 and as a rms-to-dc converter. For the setup, the intrinsic noise at the input of the voltmeter does not exceed 50 V. The noise voltages amount to only 20% of the 1 mV range, but this is quite sufficient for the measurements. The shot noise can be observed directly with an oscilloscope; however, its connection may cause additional interference to the rms voltmeter, so the oscilloscope should be disconnected when measuring the shot noise.
The photocell current is measured through the voltage drop across the resistor R 1 ͑10 k⍀, 1%͒. To reduce any ac voltage due to interference, the resistor is shunted by a 5 F capacitor. The voltage supplied by the dc power supply is 150 V, and the maximum current under illumination is 100 A. The LCR circuit and the photocell are housed in a grounded metal box. The light bulb illuminates the photocell through a hole in the box ͑the circuit of the light bulb is not shown in Fig. 2͒ .
The capacitance of the LCR circuit includes the capacitance of the wiring, the cable connecting it to the rms voltmeter, and the voltmeter's input. The smaller the capacitance, the larger the shot noise voltage; therefore, no special capacitor is included in our LCR circuit. The capacitance can be computed from the resonance frequency 0 and the inductance L. The inductor has no magnetic core, so that its inductance does not depend on current or frequency; any method of measuring the inductance is thus appropriate. The simplest way is to determine the resonance frequency of a series circuit formed by the inductor and a known capacitor.
In the first part of the experiment, the Q factor of the LCR circuit is determined for several fixed values of the photocell current. In this measurement, a separate dc power supply feeds the light bulb illuminating the photocell. When mea-suring the Q factor, the elements of the LCR circuit are connected in series with the source of the driving voltage. The latter is the voltage across the resistor R 2 ϭ1⍀ connected to the function generator in series with the resistor R 3 ϭ1 k⍀ positioned outside the metal box. The measurements are based on the well-known fact that at resonance the voltage on the capacitor ͑and the inductor͒ of a series LCR circuit becomes Q times larger than the driving voltage. An additional complication arises because the resonance frequency also depends on the photocell current. The measurements of the voltage across the capacitor of the LCR circuit are therefore made in the vicinity of the resonance using frequency scanning. For this purpose, an infra low frequency voltage from the Signal generator incorporated into the 750 Interface modifies the frequency of the function generator by using its voltage-controlled-frequency input. The ScienceWorkshop or an additional multimeter measures the photocell current through the voltage across the resistor R 1 . The Graph tool displays the dc output voltage of the rms voltmeter versus the voltage of the Signal generator, so that it is easy to determine the maximum voltage on the capacitor C. The driving voltage is set to be one order of magnitude larger than the noise; it is measured when shortening the inductor L by a switch. One thus obtains the dependence of the Q factor on the photocell current, as shown in Fig. 3 . The main change of the Q factor occurs at currents below 20 A. This part is of minor significance and may be excluded to make easier the approximation of the dependence of Q factor on the photocell current with a polynomial. The change of the resonance frequency with the photocell current can be neglected.
In the second part of the experiment, the period of the Positive ramp up voltage feeding the light bulb is set to be 200 s. With proper setting of the Options, the data acquisition starts after first 100 s of this period, when the illumination of the photocell becomes sufficient to cause a photocell current above 10 A. The acquisition ends 99 s later, i.e., 1 s before the sudden drop of the current passing through the light bulb. The DataStudio software calculates and displays ͑using the Graph tool͒ the mean value of the square of the amplified noise voltage, i.e., G 2 ͗V 2 ͘, versus IQ. The dependence of Q on I is known from the polynomial previously evaluated. According to Eq. ͑3͒, the slope of the straight line shown in Fig. 4 should be KϭeG 2 /2 0 C 2 , where G is the gain of the rms voltmeter. All the quantities entering this relation, except the electron charge, are known from the measurements. Usually, values obtained for the electron charge differ by not more than 5% from the accepted value. For the sample data presented here, Kϭ9.42 V 2 A Ϫ1 , G ϭ1000, 0 ϭ8.17ϫ10 5 s Ϫ1 , Lϭ14.8 mH, and Cϭ101 pF.
From these data, the electron charge is determined to be e ϭ1.57ϫ10 Ϫ19 C.
The setup described is a simple and inexpensive one for a shot-noise experiment using data-acquisition module in common use. It could be used also as a classroom demonstration. For the demonstration, one may use, with little loss of accuracy, a constant value of the Q factor of the LCR circuit in the calculation of e. The concept of light ͑electromagnetic radiation͒ outside of the visible spectrum is an abstract concept for students in an introductory science class. When students are presented with demonstrations or experiments meant to explore this portion of the spectrum, the equipment involved often hides the phenomena. A simple modification to a standard, inexpensive web camera ͑webcam͒ can take advantage of the sensitivity of the charged-coupled-device ͑CCD͒ to the infrared ͑IR͒ portion of the spectrum, allowing students to visualize many IR phenomena. This note reports how such a modified webcam can be used in lecture demonstrations and laboratory activities to study infrared phenomena including an IR light emitting diode ͑LED͒, the IR component of different light sources, IR spectroscopy, and blackbody radiation. As a final example, the modified camera can be employed to view the charcoal under-drawing of a ''painting'' created for this paper and used in our classroom demonstrations. © 2005 American Association of Physics Teachers. ͓DOI: 10.1119/1.1900105͔
I. INTRODUCTION
For many students the discussion of light outside the visible spectrum, including the infrared ͑IR͒ region, seems abstract because they have little first-hand experience of these phenomena. This is particularly true for nonscience students taking general science courses. At Northeastern University, through the E គ mbedded L គ earning MOdules ͑ELMO͒ Project, a unique approach is taken to this problem; we have developed courses for specific nonscience majors where our students gain direct experience with the relevant scientific con-cepts. In particular, courses for art and theater students discuss the science of light and color. An exploration of different regions of the electromagnetic ͑EM͒ spectrum includes activities that use an inexpensive web camera ͑web-cam͒ with a simple modification that allows it to detect nearinfrared light up to a wavelength of about 1000 nm. This modification to the webcam has been described elsewhere in connection with a research application. 1 Our purpose in this note is to make the physics education community aware of the modified webcam and to discuss briefly several applications appropriate for classroom and laboratory instruction. 
II. CAMERA AND MODIFICATION
The modification to the webcam was first described by Roger Hangarter who was studying the motion of plants in the dark. 1 A review of the modification is included here for completeness. It is common knowledge that the chargecoupled-device ͑CCD͒ in a digital video camera is sensitive in the IR region. The spectral response curve for a typical CCD element is shown in Fig. 1. 2 Standard digital still and video cameras use an IR filter so that the visible light images are not washed out by the IR response. Therefore, insight into the behavior of the IR spectrum can in principle be obtained by using the ''night shot'' settings on such video cameras. The webcam, however, provides a more affordable and accessible means for accomplishing the same goal. Also, explaining the ''night shot'' setting can be rather complex, since the video cameras employ some combination of filtering and image enhancement techniques. On the other hand, the modification to the webcam is easily done as well as undone, and can be demonstrated using a second camera that has been disassembled into its parts for reference. In this way, students gain an understanding of the effect of the modification made and the nature of an interesting technology underlying the webcam.
A. Camera
We have been using a Logitech Quickcam Express web camera, 3 but any inexpensive, simple webcam from a reputable company could be used. A simple camera is more easily taken apart and then put back together-extraneous parts would merely complicate the procedure and make it less transparent to the students. However, it is important to choose a reputable company because they are more likely to provide reliable software for the camera, which leaves one less variable to worry about as the modification proceeds.
B. Modification
The lens of a typical webcam contains an IR filter and the goal here is to remove this filter. The only tools required are a small utility screwdriver to open the camera casing and a flat-head eyeglass screwdriver or some other small flat tool to remove the filter. The total time needed from start to finish is about 15 minutes. You should install the camera software on the computer and test the camera first, since, as one of us was told by Logitech technical support personnel, the next step will void the warranty. The steps to remove the filter are illustrated in Fig. 2 . Remove the camera from the case, unscrew the lens from the circuit board mount, remove the rear element from the lens, and then remove the IR filter. Put everything back together and plug it into the computer. Note that you have a working camera even without the case, but putting the camera back in the case makes it easier to position the camera and is worth a small investment in time.
III. APPLICATIONS
A. Viewing IR emitting devices
Now the camera is ready to do something interesting. By placing an IR LED in front of the camera, you can show that the camera responds to light outside the visible range. This is not only a good demonstration, it also verifies that the camera is working. IR LEDs are often used in audio-visual remote controls or in short-range wireless devices ͑hand-held devices and laptops͒. Stand-alone IR LEDs can be purchased from a local electronics store along with a battery pack. Another interesting source of IR light is a hotplate. A typical kitchen hotplate on the highest setting will glow a very dull red to the naked eye; however, when viewed in the IR region it will glow very brightly. This is very impressive with the room lights turned down, as seen in Fig. 3 .
More can be done with the addition of a few accessories. An IR filter 4 can be purchased from an optical or photographic supply company, so that a comparison can be made between views using just the visible spectrum and those that also include the IR. The accessory IR filter is required because the one removed from the camera is too small to manipulate easily; the larger one can be placed directly in front of the camera. Several points can be made by looking at different light sources with and without the IR filter. In Fig.  4 , an incandescent and a fluorescent light are compared with and without the IR filter. The scene illuminated with the fluorescent light changes little when the IR filter is removed, but the brightness of the objects illuminated by the incandescent light changes dramatically. This demonstrates that the incandescent bulb radiates strongly in the IR, while the fluorescent light does not. This concept can also be demonstrated by holding the fluorescent light in your hand-something that should not be done with an incandescent bulb!
B. Visible and IR spectrum
We can also explore the relationship between the IR and the visible regions of the EM spectrum. For this purpose, we use a 500 W tungsten-halogen spotlight as our light source. A slit mask is placed in the spotlight mask holder and a diffrac-tion grating is attached directly in front of the spotlight lens. Equivalently, a slide projector could be used with a tinfoil slit in the slide position and a diffraction grating placed over the lens. The spectrum of the spotlight is then projected on a wall. A rough scale using the limits of the visible region ͑400 to 700 nm͒ and the well-defined yellow region ͑between 580 and 600 nm͒ as a guide is drawn on the wall for reference. The scale is extended linearly ͑assuming the small angle ap-proximation͒ into the near IR region. In this way, different portions of the wall are bathed by electromagnetic radiation of different wavelengths, allowing for a comparison of the properties of the visible and IR spectrum. Figure 5 provides an interesting example of how this setup can be used in a class. Figure 5͑a͒ , taken with the IR filter in front of the camera, shows a spectral field that is essentially dark outside the visible region ͑note that although the pictures here are presented in grayscale, the webcam projects false color im-ages͒. The outstretched arm of the subject cannot be seen in Fig. 5͑a͒ as it falls in the IR region. Figure 5͑b͒ shows the same scene taken with the modified webcam and no IR filter. Now the arm of the person appears well illuminated and even casts a shadow in the IR region! This illustrates dramatically how IR radiation acts just like visible light; it casts shadows, and it can be used, for example, with IR sensitive devices to ''see'' objects at night. We find that this demonstration leads to animated discussions and interactions in the class and stimulates students into thinking about the whole EM spectrum. It should be noted here that during class, students can quite easily experience Figs. 5͑a͒ and 5͑b͒ at the same time, since the camera view of Fig. 5͑b͒ can be projected on the wall, while the picture of Fig. 5͑a͒ is essentially what is seen with the unaided eye.
C. Two modern physics examples: Blackbody radiation and atomic spectra
The modified webcam can be used for demonstrating aspects of blackbody radiation and atomic spectroscopy. The properties of the electromagnetic spectrum emitted by a blackbody radiator, as well as those of atomic spectra, played a key role in the development of the modern quantum theory in the early part of the 20th century.
We consider blackbody radiation first. A ''blackbody'' is an idealized body that absorbs all radiation that falls on it. 5 A small hole on the surface of a hollow cavity provides the textbook example of such an object since any radiation falling on the hole will be completely absorbed as it bounces around on the inside of the cavity. The radiation emitted from a blackbody possesses the remarkable property that its spectrum depends only on its absolute temperature (T) and on no other material variable, and therefore this spectrum can serve as a reference for comparing temperatures of various light sources. Objects such as glowing embers, an electric hotplate, an incandescent light bulb, or the sun can be approximated as blackbodies to varying degrees. In this way, for example, the visible portion of the emitted spectrum of any light source can be compared to the blackbody spectrum and a temperature-called the ''color temperature'' of the light source-can be defined. The color temperature is important when considering color rendering in lighting design work, such as architectural or theater lighting, or photography. 6 For art students this is of particular significance because color rendering can be altered radically by the Fig. 5 . Two images taken using the spectrum of a spotlight, which includes both visible and IR radiation, as seen through the webcam, with and without an IR filter. An approximate wavelength scale is shown. spectrum of the light source. Bearing all this in mind, it is clear that there is great value in exposing students to the nature of the blackbody spectrum.
Two important features of blackbody radiation are that the brightness ͑i.e., the total power radiated at all wavelengths͒ increases with increasing temperature as T 4 , while the position of the maximum, max , in the emission intensity versus wavelength curve decreases linearly with increasing temperature, i.e., the product max T remains constant with varying T. The change in brightness of a typical incandescent bulb under variable power settings is easily observed with the naked eye. However, even for the highest temperature tungsten-halogen bulbs ͑at 3200 K͒, the peak max of the spectrum lies in the near infrared 7 and cannot be observed by the naked eye. In fact, the red region of the spectrum will always appear to be the brightest because one is viewing only the short wavelength tail of the spectrum. The modified webcam, being sensitive to IR, enables the detection of the shift in max with temperature, at least qualitatively. Figure 6 shows the spectrum of the spotlight obtained by the use of a diffraction grating as described in the preceding section, except that here we have taken several different spectra by varying the voltage setting on the power supply in order to change the temperature of the filament. In Fig. 6͑a͒ , the power supply is set at 100% voltage, while in Figs. 6͑b͒ and 6͑c͒ the voltage is reduced to 70% and 40%, respectively. In order to help visualize the spectral shift, all three images have been normalized using image-processing software so that the brightness is approximately equal in the region of 800 nm. 8 The spectral shift in max with T should now appear as an overall shift of the whole spectrum to the right ͑i.e., to larger wavelengths͒ with decreasing T. This is indeed seen to be the case as we move from Fig. 6͑a͒ with maximum power ͑or equivalently maximum temperature͒ to Fig. 6͑c͒ for the lowest power setting. In Fig. 6͑a͒ , the spectrum contains a broad peak that spans both the visible and the IR regions, and the spectrum is quite bright throughout the visible region. In Fig. 6͑b͒ , the spectrum begins to narrow and we see that the visible light-particularly in the short wavelength regions-has become relatively dimmer compared to the IR region, indicating an overall shift towards the IR. Finally, at the lowest voltage setting in Fig.  6͑c͒ , the spectrum has changed radically with the majority of the power being emitted in the IR and little visible component. Though there are significant barriers to a quantitative analysis ͑the spectral response of the camera 2 and the emissivity of the filament 9 must both be accounted for͒, the general features of blackbody radiation are demonstrated.
As another example, although the historical significance of the Lyman ͑ultra violet͒, Balmer ͑some visible͒, and Paschen ͑IR͒ series of the hydrogen spectrum is often emphasized in traditional modern physics courses, 5 only the Balmer series, with a few lines in the visible region, is easily observed by students with standard spectroscopes. Unfortunately, even with the modified webcam this is still the case for the hydrogen spectrum. The low energy transitions in the Paschen series lie outside the range of sensitivity of the camera, and the higher energy Paschen transitions have low transition probabilities and are therefore not bright enough to be registered. 10 However, some elements, such as argon, have strong transitions in the IR region, allowing the modified webcam to be used along with a standard spectroscope to observe transitions outside the visible spectrum. This is shown in Fig. 7 , obtained by placing the webcam at the eyepiece of a standard student spectroscope through which an argon light source is being viewed. The results can be viewed on a computer monitor or on a large screen via video projection. Argon is particularly interesting because the IR portion of its spectrum is much more intense than the visible region. Spectral lines in the 700-900 nm range are from 10 to 40 times more intense than the brightest visible lines. 10 In Fig. 7 , the gain on the camera has been set low so that the visible lines cannot be seen. This demonstration provides students with a concrete experience of transitions in the IR region.
D. An application in art conservation: Viewing charcoal under-drawings
In recent years, IR reflectography ͑taking pictures using IR͒ has become an important technique in the conservation and authentication of paintings in art museums. 11 Artists working between the Renaissance and the late 19th century would often sketch a preliminary drawing of their subjectcalled an under-drawing-using charcoal sticks or charcoalbased ink, and then would apply paint over it to create the actual painting. These under-drawings are important from an Fig. 6 . Spectrum of a spotlight using three different power settings. The pictures are normalized such that the brightness in each case is roughly the same at 800 nm. An approximate wavelength scale is shown. Fig. 7 . Spectrum of atomic argon as seen using the modified webcam. The wavelength scale in the IR region is approximate. art history perspective because they are essentially neverbefore-seen works by masters. In some cases, the final painting is significantly different from the under-drawing. Comparisons between the under-drawing and the final painting can provide insight into the process by which these pieces were created, and even provide clues about the authenticity of a specific piece ͑a complex painting that contains no under-drawing may be a copy of the original rather than an authentic piece created by the artist from scratch͒.
Many of the pigments used for painting during the Renaissance are transparent to IR, while the charcoal used for the under-drawings will absorb IR. Thus, if a painting is illuminated with IR, an IR-sensitive camera can see through the paint layer and record the under-drawing. Major museums such as the Museum of Fine Arts in Boston have conservation facilities that are equipped to conduct just such analyses. IR cameras used for this purpose in the museums are typically sensitive to wavelengths beyond 10 000 nm. These cameras are not only expensive, but must be registered with the government because of potential military uses. 12 Though the modified webcam is sensitive only up to 1000 nm, a good demonstration of this technique can still be made using common materials purchased at a local art supply shop. In Fig. 8 we see two views of an original piece entitled ''Infrared ELMO'' ͑charcoal and acrylic on canvas͒, created by one of us ͑NAG͒ for this article and illuminated with an incandescent light. In Fig. 8͑a͒ an IR filter is placed in front of the camera and we mainly see the pigment surface. In Fig. 8͑b͒ , no IR filter is used, but a neutral density filter is used which blocks visible light and passes IR. The under-drawing consisting of the acronym ''ELMO'' is clearly visible in Fig.  8͑b͒ .
IV. CONCLUDING REMARKS
We have reported on a simple modification to an inexpensive webcam that allows students to visualize a wide range of IR phenomena and that can serve as a useful tool in standard physics courses and courses for nonscience majors alike. For example, one goal of the ELMO program at Northeastern University is to excite nonscience students about scientific principles relevant to their own fields. In our visual arts classes, where we study light and color, the IR-sensitive camera has become an invaluable tool in our tour of the electromagnetic spectrum and other activities. The course culminates with a visit to the Museum of Fine Arts, Boston, to learn about the use of different light sources in conservation and authentication work. When a painting conservator demonstrates to our students how IR radiography is used to study under-drawings, our students, having had direct experience with the IR portion of the spectrum, are more able to understand and appreciate the technique. Moreover, by helping our students see and appreciate the close link between art and science, we hope to stimulate them to continue to expand their scientific knowledge and become lifelong learners of science.
